This study has identify useful reduced mechanisms that can be used in computational fluid dynamics (CFD) simulation of the flow field, combustion and emissions of gas turbine engine combustors. Reduced mechanisms lessen computational cost and possess the ability to accurately predict the overall flame structure, including gas temperature and species as CH 4 , CO and NO x . The S-STEP algorithm which based on computational singular perturbation method (CSP) is performed for reduced the detailed mechanism GRI-3.0. This algorithm required as input: the detailed mechanism, a numerical solution of the problem and the desired number of steps in the reduced mechanism. In this work, we present a 10-Step reduced mechanism obtained through S-STEP algorithm. The rate of each reaction in the reduced mechanism depends on all species, steady-state and non-steady state. The former are calculated from the solution of a system of steady-state algebraic relations with the point relaxation algorithm. Based on premixed code calculations, The numeric results which were obtained for 1 atm  Pressure  30 atm and 1.4    0.6 on the basis of the ten steps global mechanism, were compared with those computed on the basis of the detailed mechanism GRI-3.0. The 10-step reduced mechanism predicts with accuracy the similar results obtained by the full GRI-3.0 mechanism for both NO x and CH 4 chemistry.
Introduction
The simulation of combustion in internal combustion engines is important in order to make computer-aided design possible, and also to be able to predict pollutant formation and gain a better understanding of the coupling between the various physical and chemical processes. Accurate simulations of Diesel engines require models for the various processes, such as spray dynamics, ignition, chemistry, heat transfer, etc. as well as the interactions between them, such as chemistry-turbulence interactions, etc. This simulation by using detailed mechanism required very long CPU times and reaching the limits of available memory [1] . Thus, the usefulness of reduced mechanisms ranges from decreasing the computational time all the way to making the simulations feasible. These reduced mechanisms consist of a few steps, which involves only a small number of chemical species and the corresponding rates are linear relations among the elementary rates.
Techniques are now available to create simplified chemical schemes that faithfully represent detailed chemical descriptions over as appropriate range of conditions using many fewer species or progress variables. Among them are: computational singular perturbation (CSP) [2, 3] , intrinsic low-dimensional manifold methods (ILDM) [4, 5] , rate-controlled constrained equilibrium (RCCE) [6] , repro modeling [7] , flame generated manifolds methods (FGM) [8] , and Roussel & Fraser algorithm (RF) [9] . While each of these approaches can claim some success, and several have been extensively applied, none of these have achieved the level of applicability and universality of reduced mechanism methods based on steady-state assumption for a number of the chemical species (QSSA) [10, 11] .
Given a detailed mechanism, the construction of a reduced mechanism requires 1) the identification of the steady state species and the linearly independent elementary reactions that consume the fastest of these species and 2) simple linear algebra calculations. In the past, constructing a validated reduced mechanism was a tedious and time consuming process, made a little easier with the appearance of computer codes being able to handle the linear algebra calculations. These difficulties were surpassed with the development of the algorithmic procedure implemented in the S-STEP algorithm, which is based on CSP and produces reduced mechanisms of arbitrary size [12, 13] . The algorithm is fully automatic, identifies the steady state species and fast elementary reactions, requiring as input simply the detailed kinetic mechanism, a reference numerical solution of the flame and the desired number of global steps in the reduced mechanism.
In this work, we reduced the detailed mechanism of the methane combustion in air (GRI-3.0) [14] by using the CSP method. The methodology shall then be applied to methane-air laminar premixed flame for the construction of a ten-step global mechanism. The range of validity of this mechanism will be examined by comparing numerical results thus obtained with those calculated on the basis of the detailed mechanism GRI-3.0 for a wide range of operating conditions.
Objectives and Approach
The GRI-3.0 mechanism [14] developed by the Gas Research Institute is considered one of the best mechanisms that accurately describes CH 4 /NO x chemistry for natural gas combustion. This mechanism involves 325 reactions, 53 species and 5 elements (i.e. K = 325, N = 53, E = 5), included C 2 species, prompt and thermal NO, and nitrous oxide chemistry.
The objective of this work was to find a reduced mechanism based on the GRI-3.0 that would describe premixed CH 4 /air Combustion systems. The full GRI-3.0 mechanism was reduced using a S-STEP algorithm that first identified steady-state species and the fast elementary reactions, requiring as input simply the detailed kinetic mechanism, a reference numerical solution of the flame and the desired number of global steps in the reduced mechanism. This resulted in ten-step reduced mechanism of CH 4 combustion coupled with NO x chemistry. The GRI-3.0 mechanism was then used as a benchmark to test the global mechanism using a premixed code. Predictions of this global mechanism were also compared with prediction of CH 4 chemistry obtained using the seven-step reduced mechanism [15] .
S-STEP code is as interactive program that runs in conjunction with CHEMKIN-II [16] and flame code such as the premixed code. The PREMIX code [17] is more commonly used due to its simplicity, and also because it provides solutions to flame problems more quickly. Figure 1 shows the schematic diagram that explains the interaction between the S-STEP code, CHEMKIN, and a flame code such as the PREMIX code.
As shown in Figure 1 , the detailed GRI-3.0 mechanism 1) is first provided to the CHEMKIN interpreter. This produces a linking file 2) that is utilized by the PREMIX code 3) to solve the required problem. The solution from the PREMIX code is stored in a save file 4) which is read by the S-STEP program 5). The save file contains important information related to species concentrations, sensitivity coefficients, and other variables.
Construction of 10-Step Reduced
Mechanism by Using S-STEP Algorithm
After having a numerical solution obtained by the code PREMIX code for a definite richness, the S-STEP code produces a reduced mechanism with ten global reactions (S = 10) as shown by the following steps.
Steady State Species Identification
Given the desired number of global steps (S = 10), M = N-S-E = 38 steady-state species must be identified, where N = 53 is the total number of species in the detailed mechanism and E = 5 is the number of elements. For this reason, CSP analysis is performed at each grid point providing the CSP pointer P i (x) of each species i, which is a function of space and takes a value between zero and unity. After computing, at each grid point, the CSP basis
, which describe the fast and slow subspace, the N diagonal elements P i of the CSP-pointer:
are recorded, where P is N-dimensional vector. P i are its elements, the superscript refers to the ith species in the detailed mechanism and their sum equals M. In physical terms, the CSP pointer is measured of the influence of M fastest chemical time scales on each of the species. When Copyright © 2012 SciRes. EPE P i (x) = 1.0, the ith species are completely influenced by the fastest scales and are the best candidates to be steady state. In contrast, when P i (x) = 0.0, the fast time scales have no effect on the ith species and cannot be identified as steady state.
From the results discussed in [12] , the CSP-pointer should not be considered alone when selecting the steady state species but the integration of CSP-pointer is used for identify the global steady-state species. The integrated CSP-pointer for each species is defined by the following expression:
where i is the net species production rate, q max i is the corresponding maximum inside the calculation domain of length L and X i is the species mole fraction. In contrast to the CSP pointers, the scalars I i can take any value between zero and infinity. The quantities I i for each species are ordered (see Table 1 ) and the N − M = 15 species with the lowest values are taken as major (nonsteady-state) species. The M = 38 species with the largest values are identified as steady-state species. 2 and AR) that produce the smallest value are considered as major species. The remaining species are the steadystate species.
Fast Reactions Identification
Having selected the M = 38 steady-state species on the basis of the integrate pointer I i , the corresponding fast elementary reactions are identified as follows. The rate of each elementary reaction is integrated along the flame [12] :
where the subscript k denotes the elementary reactions consuming the ith species. The reactions that consume the steady-state species and exhibit the largest integrated rate are selected and deemed the fast reactions (the rest are slow). For M = 38 steady-state species, M = 38 fast reactions selected.
10-Step Reduced Mechanism of Methane
In this section we present and discuss the reduced mechanism constructed for methane flame. We discuss aspects of the reduction procedure by examining the methane mechanisms. The ten-step methane mechanism developed here is compared here with the seven-step methane mechanism taken from [15] .
The 10-step mechanism was constructed on the basis of the ordering of Table 1 , for  = 1.2, chosen so that a C 2 species appears in the major species set which is anticipated to improved predictions for rich flames. The resulting mechanism still consists of 7 steps and 12 species (excluding A r and considering N 2 as an inert), and is given by:
The reactions R 1 and R 2 describe respectively the formation of the hydrogen (H) and the oxyhydrogen (OH), while reactions R 3 and R 4 describe the hydrogen to water and carbon monoxide conversions. Reactions R 5 and R 6 represent the conversion of CH 4 → CH 3 → H 2 and CO, R 7 account for the formation of C 2 species, such as C 2 H 2 .
We further note in the present study that the species O is identified as steady-state species. In fact, extensive validation [18] [19] [20] appears to support the validity of this assumption in methane oxidation over a wide range of combustion phenomena and under extensive thermodynamical parametric variations.
With the additional consideration of NO, N 2 O and HCN, S-STEP yielded a 10-step mechanism by including the following tree global reactions:
Note that R 8 involves the prompt and reburning reactions. Moreover, R 9 describes the thermal NO pathway, which is the dominant NO formation path due to the high temperatures involved. R 10 describes the formation of the nitrous oxide pathway.
A comparison between seven-step mechanism, the 10-step mechanism contains the additional species C 2 H 2 , CH 3 and HCN. Those species should appear in a reduced mechanism valid for rich flames. Finally, note that N 2 O appears in both mechanisms as major species, in contrast to other reduced mechanisms.
From this mechanism, it is shown that the 7-step reduced mechanism [15] is a subset of the 10-step one. The reactions R 1 -R 5 and R 9 -R 10 of the 10-step one contain the seven-step mechanism [15] . The first six global reactions in the 10-step mechanism describe methane combustion and the rest nitrogen chemistry. The global rates Rw j (j = 1 to 10) of this mechanism are a linear combination of elementary rates w i (i = 1 to 325) in the detailed mechanism GRI-3.0 and are listed in Appendix A. These rates depend, of course, on all species, steady state and non-steady state. The former are calculated from the solution of a system of steady-state algebraic relations with the inner iteration procedure.
Results and Discussion
The numerical which were obtained for 1 atm  Pressure  40 atm and 0.6    1.4 on the basis of the ten steps global mechanism, were compared with those computed on the basis of the detailed mechanism GRI-3.0 and 7-step reduced mechanism.
Using the reduced mechanism (R 1 -R 10 ) it was shown that numerical solutions were obtained about 3.5 times faster than when using the detailed mechanism. This decease of CPU time is in agreement with the reasoning of Somers and Go Goey [21] .
Flame Propagating Velocity
An important characteristic of laminar premixed flames, often used as a global performance test for reduced mechanisms, is the flame propagation velocity, S l . With the 10-step reduced mechanism developed here, the calculation of planar flames results in errors in S l typically smaller than 15% for varying conditions of mixture composition and pressure. This is illustrated in Figures 2  and 3 , where the of S l obtained with the reduced mechanisms (10-step and 7-step is compared with that obtained with detailed chemistry (GRI-3.0). Figure 3 shown the comparison of flame propagation velocity S l = u/ u ( is the mixture density, u is the gas velocity and  u is unburned gas density), as a function of mixture pressure for CH 4 -air flames for different mixtures ( = 0.6, 1.0 and 1.4). Observation of this figure indicates that the reduced mechanisms produce the accurate values for this intrinsic parameter in particular for the lean and rich mixtures. A similar agreement is found for the dependence of the flame propagation velocity on the mixture composition. This is investigated in Figure 4 , where we plot the variation of S l with equivalence ratio ().
Structure Flame
The characteristic flame structure corresponding to the reduced mechanism is shown in Figures 4 and 5 , along with the results of the detailed chemistry and 7-step reduced mechanism. In Figure 4 , calculated mole fraction profiles for CH 4 , CO 2 , CO, O 2 , H 2 , H 2 O, O, H and OH are compared with those computed using GRI-3.0 and 7-step reduced mechanism. From those Figures 4(a)-(c) , it is seen that the two reduced mechanisms (10-step and 7-step) show a excellent prediction of the carbon monoxide profile along the flame. The agreement for all other major species is at least as good as for the monoxide, to the point that most The following Figure 5 shows the predictions of the final temperature at the point x = 3.0 cm as a function of the equivalence ratio ().
In Figure 6 , we present the final mole fraction of NO according to the richness at the point x = 3.0.
It is shown from this figure that the NO at the end of the computational domain is produced correctly by the seven-step mechanism for equivalence ratio lower than 1 (lean mixtures), while the 10-step mechanism gives excellent prediction even for very rich flame. The peak NO occurs at stoichiometry and the error between the reduced and detailed mechanisms is around 6.5%, which is According to Figures 7(a) and (b) , we can note the existence of an initial region of rapid NO growth associated with equilibrium radical concentrations, followed by a region of slow growth (small slope). The reduced mechanisms over predicts the nitric oxide in the reaction zone. This difference between the two results becomes clearly distinguished in the case of a lean flame (see Figure 4(a) ). In Figure 4(c) , it is shown clearly that the developed mechanism (10-step) better predict the mole fraction relating to the species NO and N 2 O in comparison with 7-step reduced mechanism. This is due to the presence of C 2 -chemistry in 10-step reduced mechanism. 8 and 9 show the numerical calculation of the major species and radical concentrations profiles of the stoiciometric mixture of methane/air.
As in the case of atmospheric pressure (P = 1 atm), predictions of the mole fractions of CH 4 , CO 2 , CO, O 2 , H 2 , H 2 O, O, H and OH are presented on the Figure 8 for  = 1. Consequently, the combustion rates predicted by the two reduced mechanisms with ten and seven steps are similar to detailed mechanism GRI-3.0 for a pressure of 30 atm. The peak CO concentrations are reproduced accurately by two reduced mechanism. The CO 2 formation rate is similar for the reduced and full mechanisms at all conditions shown, included the effect of pressure. Figure 9 shows predicted NO and N 2 O mole fractions as a function of distance along the premixed flame. The NO formation is largely dependent on the other conditions within the reactor (i.e. temperature, major and minor species concentrations). Figure 9 shows that at 30 atm and  = 1.0, the peak NO mole fraction is predicted reasonably well by the ten-step and seven-step reduced mechanisms.
It is obvious from the presented figures that the agreement between the two reduced mechanisms (ten-step and seven-step) and the detailed mechanism is reasonable. This shows that the principal characteristics of the flame are described reasonably by the two reduced mechanisms for different richness and pressures. In fact, it is seen that the two reduced mechanisms produce correct evolutions of the important parameters such as the flame propagation velocity the temperature and the mole fractions of the major species.
Conclusion
A major subject or this work was to develop mechanism of CH 4 combustion and NO x formation that describe premixed combustion of methane.
A reduced mechanism for methane-air combustion with NO formation has been constructed with the computational singular perturbation method using a S-STEP automatic algorithm. The analysis was made on solution of adiabatic premixed flame with detailed kinetics described by GRI-3.0 for methane that includes NO x formation. A ten-step methane mechanism has been constructed which reproduces accurately flame speeds, flame temperatures and mole fraction distributions of major species for whole flammability range. Many steady-state species are also predicted satisfactory. It uses CH 4 , O 2 , H 2 O, CO 2 , CO, H 2 , OH, H, NO, N 2 O, HCN, CH 3 and C 2 H 2 as major species and it has been derived from a CP analysis at  = 1.2. Comparison with our previous sevenstep mechanism, which was derived at  = 1.0, shows that the improved accuracy in the calculation of C 2 -species and HCN results in much better predictions for prompt NO, especially for very rich mixtures. This mechanism performs well for the whole flammable range of equivalence ration and for pressures up to 30 atm.
